In mammals, posttesticular epididymal sperm maturation is considered an essential step in the transformation of immature testicular gametes to mature spermatozoa capable of fertilization. Reactive oxygen species (ROS) have been shown to be key actors in this maturation process, and it is now clear that ROS are central for sperm physiology in processes such as sperm maturation and capacitation. However, during epididymal maturation and storage and until the onset of fertilization, oxidative damage is a threat spermatozoa must face more than any other cells. Spermatozoa were found to be extremely sensitive to oxidative attacks correlated with lipid peroxidation, DNA damage, and impaired sperm motility, all affecting fertilization. To control the quantity of H 2 O 2 in the vicinity of male gametes, mammalian epididymis uses a panel of nonenzymatic and enzymatic scavengers, among which the glutathione peroxidase (GPx) family is largely represented. Among the various GPx proteins expressed in the mammalian epididymis, GPx4 and GPx5 occupy unique positions and functions that are reviewed in this paper. This paper underlines the importance of the GPx protein family in determining the fertilizing potential of mammalian spermatozoa. This is particularly relevant in the field of mammalian fertility and infertility as well as in the development of assisted medical procreation technologies and male gamete preservation techniques that are extensively used in human and animal reproduction programs.
INTRODUCTION
Oxygen is essential for aerobic organisms whose principal source of energy comes from oxidative metabolism. However, oxygen consumption generates derivatives, active forms of oxygen metabolites, and peroxidized molecules, also called reactive oxygen species (ROS) that are dangerous for the cell. Reactive oxygen species are partially reduced forms of atmospheric O 2 . Generally, ROS result from the excitation of O 2 to form singlet oxygen (O 2 1 ) or from the transfer of 1, 2, or 3 electrons to O 2 to form, a superoxide anion (•O 2 -), H 2 O 2 , or a hydroxyl radical (•OH -), respectively. There are many potential sources for ROS production in eukaryotic cells both inside and outside the cell. In addition, environmental stresses can also cause an increase in ROS production leading to oxidative stress. In contrast to atmospheric O 2 , ROS may cause unrestricted oxidation of various cellular components, leading to free radicalmediated destruction of the cell. However, beside their noxious effects, ROS participate, in a more controlled manner, in physiological responses and early signaling pathways in response to various stimuli.
To counteract the noxious effects of ROS, cells use various nonenzymatic molecules such as glutathione (GSH), thioredoxine, and other thiol-containing molecules, as well as vitamins D, E, and C, and several other small metabolites. To complete their antioxidant defense, aerobic cells have evolved specific enzymatic ROS scavengers including superoxide dismutase (SOD; EC 1.15.1.1), catalase (CAT; EC 1.11.1.6), and glutathione peroxidases (GPx; EC 1.11.1.9) working in close connection. The SOD-CAT-GPx catalytic triad is quite ubiquitous and has been found in virtually all cells in prokaryotic and eukaryotic aerobic organisms. Glutathione S-transferases, thioredoxin peroxidases, and peroxiredoxins (PRX) complete the eukaryotic cell actors that recycle ROS. Superoxide dismutase catalyzes the dismutation of •O 2 -to produce H 2 O 2 . Al-
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though it recycles the superoxide anion free radical, SOD can be considered as a prooxidant because it converts a rather short-life and confined molecule, •O 2 -, into a quite stable and invasive H 2 O 2 . Moreover, taking into account the Fenton-Haberweiss coupled reactions, if not efficiently recycled, H 2 O 2 accumulation will lead to the appearance of the very aggressive hydroxyl radical (•OH 2 -), which can attack any cell component, starting with lipids in membranes, proteins, and sugars, as well as nucleic acids, ultimately leading to cell death. To recycle H 2 O 2 efficiently, 2 enzymatic activities are available, catalase and glutathione peroxidase. Both of these transform H 2 O 2 into a harmless product, H 2 O, but they do not function in identical conditions. Catalase only uses H 2 O 2 as a substrate and is active when H 2 O 2 concentration is largely above physiological concentrations as can happen in oxidative bursts characteristic of stress responses (Cohen and Hochstein, 1963) . Glutathione peroxidases metabolize various substrates besides H 2 O 2 and are activated even for a small rise in their intracellular or extracellular concentrations, or both, to maintain cell homeostasis. Therefore, GPx activity represents the first protective response for small changes in H 2 O 2 concentrations under normal physiological conditions. In addition, GPx can also metabolize complex organic peroxidized molecules, allowing them to recycle some of the molecules that may have been damaged following H 2 O 2 leakage and, consequently, •OH -production. Neither CAT nor PRX could do this.
DUALITY OF ROS ACTIONS ON SPERMATOZOA
Maybe more than any other cells in living aerobic multicellular organisms, sperm cells are sensitive to oxidative injury and are at great risk from oxidative damage. Being transcriptionnally and translationally silent, largely devoid of cytoplasm, and thus devoid of protective cytoplasmic enzymatic activities, fully mature haploid sperm cells are poorly equipped to fight free radical-mediated attacks. Consequently, spermatozoa essentially rely on protective activities present in their environment. In addition, the elevated PUFA content of the spermatozoa plasma membrane renders them particularly susceptible to ROS attacks. Intriguingly, although sperm cells are rather susceptible to ROS damage, they are good producers of ROS themselves. Sperm cells were among the first cells that were shown to be good producers of ROS (Tosic and Walton, 1946) , and spermatozoa-produced ROS (•O 2 -and H 2 O 2 ) have been found to be key players in signal transduction pathways leading to sperm capacitation, which is a key maturation event that precedes fertilization (Aitken et al., 1995 (Aitken et al., , 1998 de Lamirande et al., 1997; Leclerc et al., 1997; Kopf et al., 1999; Lewis and Aitken, 2001; Baker and Aitken, 2004) . In this way ROS and, particularly, H 2 O 2 , have positive effects on sperm fertilizing capacity. An example of the negative impact of ROS on sperm fertilizing ability is excessive ROS production (i.e., of •O 2 -and H 2 O 2 ), most often resulting from leukocyte contamination of the semen. This condition called leukocytospermia is associated with subfertility or infertility in humans (Aitken and Clarkson, 1987; Aitken et al., 1996; Griveau and Le Lannou, 1997; Aitken, 1999; Agarwal et al., 2006) . These observations indicate that very fine-tuning in ROS generation and recycling is critical for spermatozoa. If insufficient ROS are produced, sperm cells will not mature, whereas if too much ROS are produced, they will suffer oxidative damage rapidly. Thus, antioxidant protection of sperm cells constitutes one essential challenge during sperm maturation and storage when sperm cells will have to fight against external sources of ROS (leukocyte infiltration) as well as their own ability to generate ROS.
GLUTATHIONE PEROXIDASES AND SPERMATOZOA
As indicated above, among the different antioxidant enzymes encountered in eukaryotic cells, GPx occupies a critical position in the cascade of ROS-recycling events, allowing for small physiological adjustments in the concentrations of H 2 O 2 or other substrates, such as organic peroxides. In mammalian male reproductive tissues, GPx occupy a prominent position. Several GPx proteins are present either on spermatozoa or in its close vicinity during its transit through the epididymal duct (Drevet, 2000 (Drevet, , 2006 . Alvarez and Storey (1989) were among the first to point out the role played by GPx in protecting mammalian spermatozoa from loss of motility caused by spontaneous lipid peroxidation. Several years later, it was reported that failure of the expression of a GPx in the spermatozoa was correlated with infertility in humans (Imai et al., 2001; Foresta et al., 2002) . Last, but not least, the recent development of mouse GPx knockout models that are associated with infertility or subfertility or both (Conrad et al., 2005; Chabory et al., 2009; Imai et al., 2009; Liang et al., 2009; Schneider et al., 2009) demonstrates that GPx play crucial roles in sperm physiology.
The Mammalian Glutathione Peroxidase Gene-Protein Family
Quite extensively studied in eukaryotes, the mammalian glutathione peroxidase family is divided into 8 classes (i.e., GPx1 to GPx8; Chu, 1994) based on their primary sequence, substrate specificity, and subcellular localization (Table 1) . They were found to be coded by distinct genes, each with one functional copy per haploid genome. However, in some cases, a few GPx pseudogenes were also identified. The GPx genes have been mapped in human, rodent, and pig (Chu, 1994; Schwaab et al., 1995; Dufaure et al., 1996; Bertani et al., 1999) . Gene sequence comparisons and phylogenetic analyses have revealed that the multimember family of GPx sequences probably derived from an ancestral gene after duplication events and intron-exon shuffling Dufaure et al., 1996) . At first, GPx names reflected the characteristics of the enzymes with reference to their preferential substrates or the tissues in which they were found to be preferentially expressed. A classification was proposed subsequently for GPx proteins and sequences (Chu, 1994) . The so-called cytosolic or cellular GPx, GPx1, is also called cytoplasmic GPx or erythroid-specific GPx because it was found expressed at increased levels in red blood cells. This GPx was the first to be discovered (Mills, 1957) and was subsequently found within all cells tested. Glutathione peroxidase 2 is another cytoplasmic enzyme originally found in cells of the rodent gastrointestinal tract (Chu et al., 1993) . Glutathione peroxidase 3, also called extracellular GPx or plasma-type GPx, was first identified in human plasma (Maddipati and Marnett, 1987; Takahashi et al., 1987) . Glutathione peroxidase 3 was subsequently found to be preferentially expressed in the mammalian kidney and at reduced levels in a wide array of tissues, including the male genital tract especially the epididymis. In the epididymis and contrary to its situation in the kidney, GPx3 is not secreted, but remains a cytosolic enzyme (Maser et al., 1994; Schwaab et al., 1998) . Glutathione peroxidase 4 (Figures 1 and 2 ), also called phospholipid hydroperoxide GPx, is a membrane-associated GPx found preferentially expressed in the mammalian testis, epididymis, brain, and heart (Ursini et al., 1982; Duan et al., 1988) . In the male genital tract, GPx4 shows a complex expression pattern. The single copy GPx4 gene is subjected to differential expression, giving rise to 3 transcripts encoding proteins that have distinct functions, as well as distinct cellular and subcellular locations. More precisely, in the male gonad, a testisspecific GPx4 isoform, sperm nucleus (sn) GPx4, is expressed in germ cells during late spermatogenesis and is found in the sperm nucleus (Pfeifer et al., 2001; Maiorino et al., 2003; Moreno et al., 2003) . A second GPx4 transcript, using an alternative promoter, generates a presumably nonenzymatic GPx4 variant that localizes in the sperm midpiece and constitutes a structural component of the sperm neck. Finally, as for several other somatic cell types, a cytosolic mitochondria-associated GPx4 isoform with antioxidant activity is found in the testis and epididymis epithelial cells. Glutathione peroxidase 5, also earlier called MEP24 (for mouse epididymal protein of 24 kDa) or epididymal GPx, is a highly restricted GPx found to be expressed only in mammalian caput epididymidis (Perry et al., 1992 (Perry et al., , 1993 Ghyselinck et al., 1993; Vernet et al., 1997; Beiglbock et al., 1998; Hall et al., 1998; Williams et al., 1998; Zhang et al., 2008) . Glutathione peroxidase 6 to GPx8 were first identified through large-scale mammalian sequencing programs. Glutathione peroxidase 6 is the result of a duplication event of the GPx5 gene having acquired subsequently different expression patterns.
Particularities of GPx Expression Within the Mammalian Male Genital Tract
As mentioned previously, in mammals, GPx proteins have been found in all cell types tested. In looking closely at the distribution of the different GPx known to date (Table 1) , it appears that the tissues of the male genital tract have evolved specific GPx coverage in addition to the ubiquitous expression of the cytosolic GPx1 protein. This is the case in the testis, the site of the strongest expression of GPx4 (Moreno et al., 2003) . It is also true in the epididymis, which is the unique site for strong expression of the secreted GPx5, a particular animal GPx devoid of a selenocysteine residue. The epididymis and the vas deferens are additional sites of significant expression of the plasma-type GPx3 (Maser et al., 1994; Schwaab et al., 1995 Schwaab et al., , 1998 . Another interesting characteristic is that we have observed different expression patterns for the different GPx genes only in male genital tract tissues. For example, organ-, region-, and developmental-specific expression can be observed during postnatal ontogeny of the male genitalia, as well as hormone-specific control of GPx genes that are specific to these organs. For example, the GPx3 gene appears subject to specific regulation in the epididymis because it was found to be androgen independent in the kidney and in the caput epididymidis, whereas it is androgen-regulated in the corpus and cauda epididymal regions (Schwaab et al., 1998) . Corresponding GPx proteins are also subject to testis or epididymis or both regulated processes that have not been found elsewhere. For example, epididymal GPx5 protein isoforms are subject to various degrees of glycosylation, generating a family of proteins having different molecular weights and isoelectric points (Zhang et al., 2008) . Glutathione peroxidase 5 proteins can be found either in the cytoplasm of the principal cells lining the epididymal duct, or secreted and free in the epididymal lumen or, also, bound to sperm plasma membrane of transiting spermatozoa, as well as to lipid-rich vesicles originating from apocrine secretion processes of the epididymal epithelium (Rejraji et al., 2002 ). As indicated above, different isoforms of GPx4 are present in the male genital tract both in somatic cells and in germ cells. Cytosolic and mitochondria associated forms arise from alternative initiation of transcription excluding (cytosolic form) or not excluding (mitochondrial form) the first exon of the GPx4 gene (Pushpa-Rekha et al., 1995; Pfeifer et al., 2001) . In germ cells, the mitochondria associated form is posttranslationally modified and constitutes an important structural component of the sperm midpiece. In addition, in germ cells there is a sperm-nucleus-specific isoform of GPx4 that is due to initiation of transcription at an alternative exon 1 (Maiorino et al., 2003; Moreno et al., 2003) . Epididymal GPx3 protein has been found to be secreted in the caput epididymidis in kidney, but GPx3 was found to be located in cytoplasm of corpus and cauda epididymal epithelial cells and vas deferens epithelium (Schwaab et al., 1998) . Although these observations could indicate that the protein is reabsorbed along the epididymal duct, as is the case for several epididymal-secreted proteins, it is not in agreement with the fact that its corresponding messenger accumulates preferentially in the cauda epididymal segments (Schwaab et al., 1998) .
Seleno-Independent GPx: Glutathione Peroxidases or Thioredoxin-Thiol Peroxidases?
In mammals, GPx1 to GPx4 are Se-containing proteins. They contain a selenocysteine residue posttranscriptionally incorporated via complex mechanisms (requiring specific sequences in the 3′ untranslated region of the respective GPx mRNA as well as the participation of several other genes) at a UGA opal codon in the catalyic center of the enzyme (Chambers et al., 1986; Flohé, 1989; Zachara, 1992) . This atypical selenocysteine AA residue, together with a glutamine and tryptophan residues, constitute the so-called catalytic triad common to all seleno-dependent GPx Ursini et al., 1995) . The selenocysteine (Secys) residue was shown to be critical for GPx catalytic activity because mutation to a cysteine residue led to a dramatic decline in GPx catalytic activity on conventional GPx substrates . Intriguingly, GPx5 was the first mammalian GPx that was shown to be devoid of the Secys residue, the latter being replaced by a cysteine residue (Ghyselinck et al., 1991) . To date, GPx6, GPx7, and GPx8 also appear to be of the seleno-independent type, at least in mouse, and the real scavenging function of seleno-independent GPx, such as the epididymis-specific GPx5, has been questioned.
Another question that challenges the scavenging activity of GPx enzymes in mammalian epididymis is the availability of electron donors. As indicated in the enzyme name, GPx uses GSH as electron donor, the latter being recycled by glutathione reductase in the presence of NADPH. However, it is documented that GSH availability is rather limited in human seminal plasma as well as in mouse sperm (Storey et al., 1998; Yeung et al., 1998 ). This would not favor preponderant roles played by glutathione-dependent enzymes in and around sperm cells. However, although GPx are viewed only as GSH-dependent enzymes, there are reports in the literature showing that some GPx can alternatively use glutathione or thioredoxin as an electron donor. These data come from prokaryotic and eukaryotic animal and plant GPx, which all are of the Se-independent type (Roeckel- Sztajer et al., 2001; Herbette et al., 2007; Maiorino et al., 2007) . Besides lacking Secys, they are closer in sequence to the phospholipid hydroperoxide GPx4 than to any of the others (Roeckel-Drevet et al., 1998) . With plant GPx, it was shown that when thioredoxin was the electron donor, their activity on H 2 O 2 , fatty acids, and phospholipid An epididymal-specific variant is suspected (Schwaab et al., 1998) .
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hydroperoxides was much greater than when GSH was the electron donor. These results indicate that these Seindependent GPx can work as thioredoxin peroxidases rather than glutathione peroxidases (Herbette et al., 2002) . It is possible that the secreted and Se-independent epididymis-specific GPx5 overcomes low availability of GSH in the epididymal fluid by using alternate electron donors, such as thioroedoxin or other thiolcontaining molecules, thus being closer to thiol peroxidases. Very little is known regarding the availability of thioredoxin and thioredoxin reductase in the mammalian genital tract. It has been reported that a novel and unique member of the thioredoxin protein family, spermatid-specific thioredoxin-1, exists in human spermatozoa, and its expression was shown to be restricted to the postmeiotic phase of spermatogenesis (MirandaVizuete et al., 2001) . As for other thiol-containing components, it naturally comes to mind when dealing with sperm cells that the thiol-containing protamines, which allow sperm nuclei condensation during spermiogenesis, could be natural electron donors for thiol-dependent enzymes such as GPx. Data from research on the spermspecific GPx4 isoform will prove that this assumption was correct, as discussed subsequently.
THE SPERM GPX4 ISOFORMS ARE IMPORTANT PLAYERS IN MALE FERTILITY
The selenoprotein phospholipid hydroperoxide GPx, GPx4, is present in at least 3 different isoforms in its major site of expression, the testis: cytosolic, mitochondrial, and a sperm nuclear protein variant (PushpaRekha et al., 1995; Godeas et al., 1997; Pfeifer et al., 2001; Moreno et al., 2003) . The development of mouse models with disrupted GPx4 has greatly improved our understanding on how these different proteins are important in cell physiology and especially for sperm cells. The complete disruption of GPx4 causes early embryonic lethality in mice (Imai et al., 2003; Yant et al., 2003) . Embryos of GPx4-null mice die between 7.5 and 8.5 d postcoitum, showing defective gastrulation. Glutathione peroxidase 4 was shown to be expressed in the embryonic ectoderm and the yolk sac membrane at this age (Imai et al., 2003) . These results indicated that GPx4 is expressed during early gastrulation and that it is important for normal mouse development (Imai et al., 2003; Yant et al., 2003) . However, because this model showed complete disruption of the GPx4 gene, it −/− mouse model, it delays the caput epididymal enhanced nuclei compaction of transiting spermatozoa; sperm nuclei compaction is, however, resumed to normality in cauda-stored spermatozoa (Conrad et al., 2005) . The mitochondrial GPx4 variant (mGPx4) is testis-expressed and localizes to the sperm midpiece region. When absent in the mGPx4 −/− model, it provokes male infertility because of structural abnormalities of the sperm midpiece compartment enabling spermatozoa to adopt a normal motility (Liang et al., 2009; Schneider et al., 2009 ). The cytosolic GPx4 variant (cGPx4) is expressed in the testicular germ cells and in the epididymal epithelium. Invalidation of the cytosolic GPx4 variant leads to early developmental defects (Imai et al., 2003; Yant et al., 2003; Liang et al., 2009 ). WT = wild type. Color version available in the online PDF.
did not provide information concerning the specific role of each GPx4 variant.
Sperm Nucleus GPx4 Variant: snGPx4
The sperm nucleus-specific isoform of GPx4 was shown to result from differential expression of the GPx4 gene due to an alternative promoter located in the first intron of the gene (Moreno et al., 2003) . This expression pattern generates a GPx4 isoform having a different N terminus sequence rich in arginine residues allowing its nuclear localization and binding to chromatin (Pfeifer et al., 2001) . In sperm nuclei, the GPx4 variant was found to act as a protamine thiol peroxidase responsible for stabilizing the condensed chromatin by cross-linking protamine disulfides (Pfeifer et al., 2001 ). Condensation of sperm chromatin is an essential process in sperm differentiation, which starts during spermiogenesis with the replacement of somatic histones by transition proteins and finally by protamines. The sperm DNA-packaging process is not totally completed when spermatozoa leave the testis and the process continues during the early stages of epididymal maturation. Oxidation of protamine thiols play an important role in sperm DNA condensation. The cross-linking of protamine disulfides induced by reactive oxygen species is comparable with glutathione oxidation and peroxide reduction catalyzed by glutathione peroxidases. Thus, it was proposed that the sperm-nucleus GPx4 variant could use protamine cysteine residues as reductants and could act as a protamine thiol peroxidase. For its activity, the snGPx4 isoform would not depend on GSH availability, which decreased significantly during late spermatogenesis and early maturation within the epididymis transit. Research with Se-deficient animals, in which the concentrations of Se-dependent GPx (such GPx coverage in the mammalian epididymis. The GPx5 is expressed in the caput territory and readily secreted in the epididymal lumen, where it interacts and follows the transiting sperm cells up to the storage compartment (i.e., the cauda epididymis). The GPx1, GPx3, and the cytosolic GPx4 are expressed in the epididymis epithelium throughout the organ. It should be noted that although the secreted GPx5 is expressed only in the caput compartment, it accounts for 90% of the total epididymis GPx mRNA content. The GPx3 is increasingly expressed along the epididymal duct epithelium. Panel B: Effect of the inactivation of GPx5. The lack of expression and secretion of GPx5 in the epididymal lumen generates an oxidative stress that is particularly obvious in the cauda compartment of the organ. It provokes in the epithelium an antioxidant response indicated by the increased expression of the cellular GPx. The absence of the major luminal scavenger (GPx5) in the caudal luminal compartment exposes spermatozoa to oxidative damages that alter their integrity [i.e., plasma membrane lipoperoxidation, sperm DNA oxidation, decompaction of the sperm nucleus, enhanced susceptibility to sperm DNA fragmentation (Chabory et al., 2009)] . WT = wild type. Color version available in the online PDF.
as GPx4) are greatly reduced, has shown that nearly all sperm cells recovered from the vas deferens possessed incompletely compacted nuclei. In addition, in vitro experiments have shown that the use of dithiotreitol on condensed normal rat sperm DNA provokes DNA decondensation and that condensation could be restored by adding H 2 O 2 (Pfeifer et al., 2001) . The use of a GPx4 inhibitor was found to block recondensation of sperm DNA. However, these data strongly supported the idea that the sperm nucleus-located GPx4 variant could be responsible for protamine disulfide bridging. Sperm DNA compaction is a crucial phenomenon that serves to protect paternal DNA from mutational effects and to reduce the volume of the sperm head allowing an optimum velocity of mature spermatozoa. Conrad et al. (2005) generated a new GPx4 transgenic mouse model in which they have specifically abolished the expression of the sperm nucleus GPx4 isoform, the latter being predominantly expressed in late spermatids and spermatozoa. In contrast to the full GPx4 knockout, snGPx4 −/− animals are viable and fully fertile, indicating that the snGPx4 isoform is not at stake in the developmental defects described above when all the GPx4 isoforms were deleted. When spermatozoa from these snGPx4 −/− animals were investigated more closely, they did not show any drastic change in phenotype, only a delay in posttesticular sperm DNA compaction. The state of sperm DNA compaction during epididymal transit increases progressively as sperm cells proceed through the duct. In wild-type animals sperm cell nuclei are more compacted in the cauda than they are in the caput. When spermatozoa from snGPx4 −/− animals were compared with those of wildtype animals, it appeared that there was a delay in the completion of posttesticular sperm nucleus compaction. In caput epididymides of snGPx4 −/− animals, sperm nuclei were less compacted than in spermatozoa from the caput epididymides of wild-type animals. This delayed compaction was resumed later on because there was no difference in the state of sperm nuclei compaction for spermatozoa collected from the cauda compartment of snGPx4 −/− and wild-type animals (Conrad et al., 2005) . These data clearly demonstrated that snGPx4 acts as a thiol peroxidase on thiol-containing sperm nuclear protamines in the caput compartment of the epididymis. It was also shown that one or more other thiol peroxidases probably compensates for the lack of snGPx4 expression as the sperm cells go down the epididymal tubule.
The Mitochondria GPx4 Variant: mGPx4
Quantitatively, it was estimated that GPx4 constitutes up to 50% of the sperm midpiece protein content embedding the helix of mitochondria (Ursini et al., 1999) and, thus, may be proposed as the selenoprotein of the sperm midpiece, a role given earlier to a protein called sperm mitochondria-associated cysteine-rich protein (Kleene, 1994) . In this area, the GPx4 protein is suggested to be more of a structural protein than an active enzyme because it has completely lost its solubility and its enzymatic properties (Ursini et al., 1999) . However, at this stage of our knowledge, it is not impossible that the sperm midpiece-located GPx4 variant could recover its enzymatic function. For example, a large amount of peroxide scavenger might be required when spermatozoa become mobile in the course of oocyte fertilization. In light of the role devoted to the sperm nucleus GPx4 isoform, as discussed previously, it is possible that the sperm midpiece GPx4 might be involved in local structural reorganization based on protein disulfide bridging events. It was shown that disulfide bonds in the late stages of spermiogenesis and during epididymal transit are of importance for several sperm structures, besides the nucleus, such as the plasma membrane, the midpiece, and the acrosome (Cummins et al., 1986; Mate et al., 1994; Mammoto et al., 1997; Sivashanmugam and Rajalakshmi, 1997) . In the sperm midpiece, during spermiogenesis, it has been shown that mitochondria attach to outer dense fiber proteins of axoneme and that disulfide bonds in several proteins are involved in this process. As a result, the spermatid cytoplasm is reduced and the sperm plasma membrane is connected to the sperm midpiece. It was shown that the acrosome contained the greatest relative amount of disulfides, followed by the sperm head and sperm tail in guinea-pigs (Huang et al., 1984) , indicating that there are regionalized disulfide bridging events during sperm maturation.
Very recently, the group of Conrad has generated a transgenic mouse model in which the mitochondrial GPx4 has been disrupted (Schneider et al., 2009 ) via the introduction of an in-frame translational stop into the mitochondrial leader sequence of the mGPx4. Analysis of this new mouse model, deficient for mGPx4, revealed that mGPx4 −/− mice did not show any embryonic lethality, as was the case for the snGPx4 −/− model, indicating that only the cytosolic GPx4 deficiency is detrimental to mouse embryonic development. Interestingly, the mouse mGPx4 −/− model showed male infertility associated with impaired sperm integrity. Essentially, mGPx4 −/− spermatozoa show important structural abnormalities in the midpiece region leading to an increase in bent sperm, sperm heads detached from the midpiece, abnormal distribution of mitochondria along the midpiece region, and abnormal organization of the sperm axoneme (Schneider et al., 2009 ). In addition, mGPx4-deficient spermatozoa exhibit greater protein thiol content and their phenotype resembles what may occur in severe selenodeficiency situations (Wu et al., 1973; Wallace and Calvin, 1983) . The observation that the spermatozoa phenotype obtained in mGPx4 −/− mice was very similar to that obtained when selenoprotein P, a protein involved in Se delivery, has thus been invalidated, and it was proposed that mGPx4 could be a major target of selenoprotein P in testis and sperm cells (Olson et al., 2005) . Not surprisingly, sperm motility was found to be significantly affected in mGPx4 −/− males. The study of Schneider et al. (2009) also showed that male infertility could be bypassed by intracytoplasmic sperm injection, indicating that the fertilizing ability of male gametes is at stake essentially because spermatozoa have lost their capacity to move properly as a consequence of sperm midpiece structural abnormalities and not because of their incapacity to resume the developmental program.
While this review was being prepared, 2 confirmations of the findings of the Conrad group were published by Imai et al. (2009) and Liang et al. (2009) . Using a different strategy Liang et al. (2009) generated transgenic mouse strains that carry a mutation (ATGtargeted) inhibiting either the expression of cytosolic or mitochondrial GPx4 and, consequently, overexpressing the other isoform. Their data confirmed that the mitochondrial GPx4 variant is testis-and male germ cell-specific and, when not expressed, leads to male infertility essentially because of spermatozoa abnormal structural malformations centered around the sperm midpiece (Liang et al., 2009 ). The strategy used by the Imai et al. (2009) was to establish spermatocytespecific GPx4 knockout mice via a Cre-loxP system. Such mice exhibited oligoasthenozoospermia resulting in male infertility, again confirming that a decrease in GPx4 in spermatozoa results in male infertility in mice (Imai et al., 2009) .
EPIDIDYMAL GPX5 IS A TRUE SCAVENGER PROTECTING EPIDIDYMIS-TRANSITING SPERM CELLS FROM ROS-MEDIATED LOSS OF INTEGRITY
The epididymal-specific GPx (i.e., GPx5) occupies a special position in the GPx family and was initially suspected of not being a true glutathione peroxidase. The particularity of GPx5 is the absence of the selenocysteine residue in its catalytic site (Ghyselinck et al., 1993) and which is replaced by a cysteine residue. The scavenger activity of GPx5 was questioned following the observation that in conventional GPx, if the Secys residue was substituted in place of a cysteine AA, there was a dramatic decrease in the enzyme catalytic activity . However, we have shown in vitro that GPx5-transfected mammalian cells survived much better in oxidative conditions (i.e., increasing H 2 O 2 concentrations in the cell medium) than control cells, indicating that GPx5 at least in vitro is efficient in recycling H 2 O 2 (Vernet et al., 1996) . We also demonstrated that mice subjected to a Se-free diet depleting their Se-dependent GPx activities showed an overall increase in peroxidative injury in all tissues except epididymis, where GPx5 mRNA and protein levels were found increased to back up failing Se-dependent activities (Vernet et al., 1999) . This strongly indicated that in vivo the Se-independent GPx5 protein could act as a true scavenger. Final clues as to the real scavenging role of GPx5 in the epididymal environment came from phenotypic analysis of a mouse strain that does not express GPx5 anymore (Chabory et al., 2009 ). The lack of GPx5 expression in the epididymal lumen of the GPx5 −/− animals resulted in establishment of an oxidative stress in the cauda compartment of the epididymis. This strongly indicated that luminal ROS accumulate in the cauda compartment when GPx5 was no longer present. For their first year, GPx5 −/− males did not show any sign of infertility or even subfertility; however, when older mice were mated with wildtype females of proven fertility, a significant decline in male fertility was observed (Chabory et al., 2009 ). The decline in male fertility was not due to impaired fertilization but to a clear rise in developmental defects, miscarriages, and perinatal mortality (Chabory et al., 2009 ). In the absence of impact on fertilization rate and taking into account that the female mice were perfectly normal, the type of paternal defects observed with aging GPx5 −/− males indicated that loss of sperm DNA integrity was at stake. When GPx5 −/− spermatozoa were evaluated in terms of DNA compaction, level of oxidation, and level of fragmentation, they were found to be significantly affected compared with wild-type animals of the same age. In particular, cauda-stored spermatozoa showed a greater level of DNA oxidation associated with a tendency to increased fragmentation and a slight nuclei decompaction state. It is thus assumed that oxidation of the sperm DNA could explain the paternal effects recorded in the offspring of aging GPx5 −/− males De Iuliis, 2007, 2010; Aitken, 2009; Chabory et al., 2009; De Iuliis et al., 2009 ). The signs of increased ROS accumulation in the cauda epididymides of GPx5 −/− animals were also supported by the upregulation of various other cauda-expressed cytosolic GPx. These results clearly demonstrated that GPx5 is an important luminal scavenger that protects cauda sperm cells from the damaging effects of free radicals. The physiological importance of GPx5 during aging was highlighted, agreeing with the well-known free radical theory of aging, which contends that a decline in ROS scavenging activities with age may allow free radicals to start affecting cells constituents and cell physiology in many ways. Thus, GPx5 appears as quite an important enzyme that ultimately contributes to the maintenance of sperm DNA integrity and, consequently, to embryonic viability. When absent, sperm DNA oxidation and ensuing fragmentation overwhelm the repairing capacities of the oocyte, leading to abnormal developments. Without this protective protein, older mice (and perhaps men and other mammals) run a greater risk of siring offspring with developmental defects, including some severe enough to lead to miscarriage. This could be particularly clinically relevant for the fertility of the aging male and has also impact in reproductive assisted technologies (Baker and Aitken, 2005; Aitken et al., 2009; Chabory et al., 2009 
SUMMARY AND CONCLUSIONS
The last decade has provided considerable and valuable information regarding the true roles of GPx in male fertility. From the development of mouse knockout models detailed above, it is now clear that the 2 sperm variants of GPx4 (i.e., the sperm nucleus GPx4 and the mitochondrial sperm midpiece-located GPx4) are not equal in the way they participate in sperm fertilizing capacity. In their respective locations, they probably both act as thiol peroxidases contributing to the completion of structural maturation of sperm proteins. In the sperm nucleus, snGPx4 contributes to enhanced posttesticular compaction of sperm DNA material via disulfide bridging events on thiol-containing protamines. In the sperm midpiece, mGPx4 represents a structural component of the compartment, somehow connected with the specific Se homeostasis of this region of the spermatozoa, as well as the structural organization of sperm mitochondria. Male mice lacking snGPx4 have normal fertility probably because participation of other thiol peroxidases makes possible fully compacted sperm nuclei. However, it is clear that, at some point during early epididymal maturation, there is a defect in sperm DNA compaction that may be detrimental to the integrity of sperm DNA. A defect in mitochondrial GPx4 has a much more drastic effect on male fertility because complete infertility is observed associated with structural abnormalities of the sperm midpiece and mitochondrial organization leading to impaired sperm progressive motility and velocity. Finally, GPx5 was shown to be an efficient epididymal luminal ROS scavenger, protecting the epididymal epithelium and cauda-stored spermatozoa from ROS-mediated damages that could alter the sperm plasma membrane and DNA integrity, and possibly leading to impaired fertility because of abnormal embryonic development. Altogether, these results confirm the importance of the glutathione peroxidase protein family in determining the fertilizing potential of mammalian spermatozoa. They have immense clinical relevance in the field of mammalian fertility and infertility, as well as in the development of assisted medical procreation technologies and male gamete preservation techniques.
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